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We study the quantitative features of dark matter pair production at the LHC in
simplified dark matter models and in the MSSM taking next-to-leading order QCD
corrections and parton-shower effects fully into account. Among the large space of
dark matter models, we focus on two particular models where a fermionic dark mat-
ter candidate interacts with the Standard Model via the exchange of either a vector
mediator in the s-channel or coloured scalar mediators in the t-channel. We find that
the simplified models are capable of reproducing the predictions of the MSSM to some
extent in simplified supersymmetric scenarios, but lack the complexity to describe the
complete theory over the full supersymmetric parameter space.
1 Introduction
The idea that dark matter (DM) is the main component of the matter content of the universe
has been around for several decades and is well supported by astrophysical observations at large
scales [1]. These observations allowed to understand the abundance and distribution of DM in
the universe and in many galaxies. Nevertheless, the composition of DM is basically unknown,
as all attempts to detect it – directly or indirectly – have so far been unsuccessful [2, 3]. While
there could be some contributions to DM from the Standard Model (SM) of particle physics in
the form of neutrinos as hot dark matter or from large astrophysical objects consisting of protons
and neutrons, it is generally assumed that these are only subleading effects and the dominant
contribution to DM is a non-baryonic type of matter which is composed of a new type of particles
as predicted within many models of physics beyond the SM.
Several particles have been proposed as DM candidates. In the framework of non-relativistic or
cold DM, which shows the best agreement with observations [4], an important class of candidate
particles are the so-called weakly interacting massive particles (WIMPs) (for a recent review of
the WIMP paradigm, see e.g. [5]). The interest in this kind of particles has been enhanced by
the so called “WIMP miracle”, a remarkable coincidence between a simple estimate for the relic
density of DM in the universe and its measured value: If one assumes the existence of a dark
matter particle with a mass of the order of 100 GeV that interacts with the SM via an annihilation
process mediated by the electroweak force, one finds that the calculated value of the relic density
is close to the measured one of ΩDMh2 = 0.1186± 0.0020 [6, 7], which corresponds to roughly one
quarter of the total matter-energy content of the universe.
The various models proposed in the WIMP framework can be very different in terms of their
complexity. Some complete theories formulated as extensions of the SM to solve several of its prob-
lems provide DM candidates with very specific properties, for example supersymmetry (SUSY) [8]
or theories predicting the existence of axions [9]. Effective field theories (EFTs) extend the SM
∗christoph.borschensky@uni-tuebingen.de
†gabriele.coniglio@uni-tuebingen.de
‡jaeger@itp.uni-tuebingen.de
1
ar
X
iv
:1
81
2.
08
70
4v
2 
 [h
ep
-p
h]
  2
1 M
ay
 20
19
by higher-dimensional operators in a model-independent way and can be formulated specifically
to address the DM problem, aiming to locate the energy scale and the main characteristics of
DM collider phenomenology. Simplified models can be considered middle ground between these
approaches, as they are built having more specific types of particles and interactions in mind than
in EFTs but do not refer to the complicated parameter space of a complete theory. Each of these
approaches has its advantages and drawbacks: Complete theories present an unwieldily large pa-
rameter space, while simpler models may not be able to reproduce the complete DM and non-DM
phenomenology encountered in the complex environment of a hadron collider and may lead to
theoretical inconsistencies such as non-renormalisability and unitarity violation [10].
A UV-complete theory that includes a DM candidate is the Minimal Supersymmetric Standard
Model (MSSM). In many MSSM scenarios, the lightest neutralino, being a mixed state of the
superpartners of the neutral Higgs bosons and the neutral gauge bosons of the electroweak interac-
tion, is the lightest supersymmetric particle (LSP). With the assumption of R-parity conservation,
it becomes an ideal DM candidate, because it is massive, interacts weakly, and is stable. The latter
property is also important from the point of view of collider physics, as the decay chains of all
heavier SUSY particles which are produced in a collision result in the LSP (possibly accompanied
by additional SM particles), effectively producing DM whenever SUSY particles are created and
therefore opening up the possibility to study it thoroughly at colliders, should SUSY be realised
in nature. The main disadvantage of the MSSM is its large parameter space which in the most
general case entails more than hundred free parameters. For this reason, it may be useful to con-
sider simplified models that are based on only the particles and parameters strictly necessary to
investigate the DM problem. A prominent example is provided by considering a Dirac fermion as
DM particle that interacts with SM particles via mediator particles. A vector mediator results in
an s-channel topology, while a set of coloured scalar mediators gives rise to t-channel topologies.
According to these topologies, the simplified models are referred to as s- and t-channel models,
respectively, and they each resemble production modes for neutralino pairs in the framework of
the MSSM.
In addition to astrophysical searches, the experimental collaborations at the Large Hadron Col-
lider (LHC) are aiming to detect signatures for the production of DM in high-energy collisions of
protons, the most prominent of them being mono-X searches for large amounts of missing trans-
verse energy, EmissT , accompanied by hard recoiling particles like jets or vector bosons. A review
of these searches, conducted by the CMS and the ATLAS experiments, can be found in [11].
In this work, we consider two simplified models for DM production at the LHC, aiming to see
if they exhibit similarities to more complex theories. Our DM candidate is a fermion, interacting
with the SM via a vector mediator or via massive scalars. The DM production processes in our
models are similar to those producing neutralinos in the MSSM, the UV-complete theory that we
consider as reference for our comparison.
Our paper is structured as follows: in section 2 we present two simplified models for DM pair
production at the LHC, highlight relevant points of DM production in the MSSM, and discuss the
parameter space of the models we consider. Successively, in section 3 we describe the implementa-
tion of the simplified models in the framework of the POWHEG-BOX and present a numerical analysis
of these models at next-to-leading order (NLO) in the strong coupling matched to parton showers,
where we compare these results with those predicted by restricted supersymmetric models. We
conclude in section 4.
2
2 Theory overview
Let us first introduce the Lagrangians of the models that we employ for a description of DM. These
Lagrangians can be used to derive Feynman rules for the interactions between the SM and the
dark sector and to eventually predict the rate of DM particles being produced at the LHC. After
sketching the simplified models, we briefly recap those features of the MSSM that are relevant for
DM production.
2.1 Simplified dark matter models
Simplified dark matter models offer a way to study the phenomenology of DM at hadron colliders
with a relatively small number of parameters. Their applicability is, however, limited to cases
where only the DM particle itself and one or a few mediators between the dark and the SM sector
enter the considered reaction, while additional heavy particles as predicted by many UV-complete
theories beyond the SM are out of reach of the LHC and assumed not to interfere significantly
with the DM dynamics. As in the context of SUSY models the expression “simplified model” is
sometimes used to refer to simplified scenarios of the full SUSY model where only a subset of the
full parameters and fields is considered, we want to clarify that in this work the term “simplified
models” solely refers to genuine simplified dark matter models.
We focus on two simplified models which differ in the way the SM particles couple to DM,
referred to as s-channel and t-channel models, and assume that the DM field, in the following
denoted by χ, is a fermion. Unless stated otherwise, χ is assumed to be a Dirac fermion, as
in many experimental analyses. In addition we also discuss the Majorana case in our numerical
analysis in section 3.4.2 to establish a link to the MSSM where the neutralino represents a Majorana
fermion. We furthermore limit our analysis to the case where the only SM particles the mediators
couple to are quarks, while couplings to leptons are disregarded for this study, since we are only
interested in the strong production of missing energy signals. The DM field is assumed to be
a singlet under the SU(3)C×SU(2)L×U(1)Y gauge group of the SM, so at least one additional
mediating field leading to an interaction between the SM and the dark sector is required.
2.1.1 Models with an s-channel mediator
The simplest way to add an interaction between SM and DM fields is via the s-channel exchange
of a massive scalar, pseudoscalar, or vector mediator field which itself is also a singlet under the
SM gauge group. For instance, the vector mediator could originate from a model where the SM is
extended by a new U(1)’ gauge symmetry which is spontaneously broken in order for the mediator
to become massive. For scalar and pseudoscalar mediators the interaction terms in the Lagrangian
take the general form [12,13]
LS = −gSχ χ¯χS −
∑
q
gSq q¯qS, (1)
LP = −igPχ χ¯γ5χP −
∑
q
gPq q¯γ5qP, (2)
respectively, with S the scalar mediator field, P the pseudoscalar mediator field, q the quark fields
with q = u, d, c, s, t, b, and gS(P )i (with i = q, χ) denoting scalar (pseudoscalar) Yukawa coupling
constants. The interaction term in the Lagrangian for a vector mediator [14] is given by
LV = χ¯γµ
[
gVχ − gAχ γ5
]
χVµ +
∑
q
q¯γµ
[
gVq − gAq γ5
]
qVµ, (3)
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Figure 1: Feynman diagrams for DM pair production in the s-channel model at LO (a) and representative
diagrams for the virtual (b) and real-emission (c) corrections.
with V the vector mediator field, and gV (A)i (with i = q, χ) denoting vector (axial-vector) coupling
constants.
We note that minimal flavour violation (MFV) [15–18] dictates that the Yukawa couplings for
quarks gS(P )q be proportional to the masses of the quarks multiplied by a flavour-independent factor
which can differ for the up- and down-type flavours, see e.g. the comments related to MFV of [19].
Because of the smallness of the light quark masses and, thus, the relevant Yukawa couplings, DM
production processes involving (pseudo-)scalar mediators in the s-channel at tree level are strongly
suppressed. The main contribution of such mediators to DM production at hadron colliders rather
stems from gluon fusion via loops of heavy quarks [20–22], which will not be discussed in this work.
In the following we focus entirely on an s-channel model with a vector mediator of mass MV .
Next-to-leading order QCD corrections to inclusive DM pair-production at the LHC in the
framework of such an s-channel model, pp → χχ¯ + X, are of a relatively simple structure, as the
only colour-charged particles in this class of reaction are the initial-state (anti-)quarks. Hence, the
cross section is very similar to the well-known Drell-Yan process as illustrated by figure 1. Various
calculations for the NLO-QCD corrections to DM pair production in the framework of a simplified
s-channel model exist, see, for instance, Ref. [23]. In order to have full flexibility we re-computed
these corrections and implemented them in a code of our own that is based on the POWHEG-BOX
formalism. The technical details of our respective calculation are discussed in section 3.2.
2.1.2 Models with t-channel mediators
The case of the t-channel exchange of a mediator between the SM and the DM fields of a scattering
process is more involved, as it requires the mediator to be in the same representation of the SM
gauge group as the initial-state quarks. We discuss the case of scalar mediators carrying colour and
flavour. The interaction Lagrangian including the SM and DM fields in such a model respecting
the full gauge symmetry of the SM and assuming that all Yukawa couplings are flavour diagonal
is of the form [24–26]
LQ˜ = −
[
λQLχ¯
(
Q˜†L ·QL
)
+ λuRQ˜∗uRχ¯uR + λdRQ˜
∗
dR
χ¯dR + h.c.
]
= −
[
λQL
(
Q˜∗uLχ¯uL + Q˜
∗
dL
χ¯dL
)
+ λuRQ˜∗uRχ¯uR + λdRQ˜
∗
dR
χ¯dR + h.c.
]
. (4)
Here Q˜L = (Q˜uL , Q˜dL)T and QL = (uL, dL)T are SU(2)L×U(1)Y doublets, with Q˜uL , Q˜dL , Q˜uR ,
Q˜dR the scalar mediator fields, uL/R, dL/R the left- and right-handed up- and down-type quark
fields. Flavour indices are suppressed and we generically write “u”= u, c, t and “d”= d, s, b, and
λQL , λuR , while λdR are the Yukawa couplings to the left- and right-handed quark fields. Due to
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Figure 2: Feynman diagrams for DM pair production in the t-channel model at LO order (a) and a
representative diagram for the virtual corrections (b). In (c), a representative diagram for the real-emission
corrections is shown where a scalar mediator can become resonant.
the SU(2)L×U(1)Y symmetry of the mediators, the left-handed quark coupling λQL is identical
for up- and down-type flavours. In the most general case, each mediator field has a different mass
for each flavour and “chirality” state, MQ˜L , MQ˜uR , and MQ˜dR . We will subsequently refer to
this model as the “t-channel model”. It should be noted that while in the s-channel model the
mediator can be lighter than the DM particle, the t-channel mediators must be heavier than the
DM particles to render them stable.
In analogy to the s-channel model, NLO-QCD corrections to the process pp → χχ¯ + X can be
calculated. While the computation of the virtual corrections is straightforward – with the major
difference to the s-channel case being that more loop diagrams are involved due to the colour charge
of the mediator –, the real corrections require special consideration because of the appearance of
on-shell resonances as sketched in figure 2 (c). If the scalar particle Q˜a is on-shell, the real-emission
process qq¯ → χχ¯q can be seen as a tree-level production of χ Q˜a followed by the decay of Q˜a into
q χ¯ and not as a real-emission correction to the process of interest, i.e. qq¯ → χχ¯. For this reason,
the on-shell contributions have to be subtracted in order to avoid double-counting and to preserve
the validity of the perturbative expansion. A more detailed discussion of the treatment of such
on-shell contributions will be given in section 3.2.1.
2.2 The MSSM
As mentioned above, in the MSSM with R-parity conservation the LSP constitutes a suitable
DM particle candidate. In many SUSY scenarios, the LSP is the lightest neutralino which is
a Majorana fermion that is only weakly charged. In this work, we thus limit our discussion to
the case where the DM candidate of SUSY is the lightest neutralino. The DM pair production
process in the MSSM then corresponds to the production of neutralino pairs, whose NLO-QCD
corrections, including also SUSY-QCD contributions, for the production at hadron colliders were
first calculated and presented in [27]. We note that the phenomenology of DM pair production
in the context of the MSSM is significantly influenced by the structure of the neutralino mixing
matrix Nij (i, j = 1, . . . 4) that determines how the four neutralinos of the MSSM, χ˜0i (i = 1, . . . 4),
are obtained from the bino, wino, and higgsino fields.
A main goal of this work then is to compare the DM simplified models introduced above to
the case of neutralino pair production in the MSSM at the LHC. Figure 3 shows representative
tree-level Feynman diagrams for neutralino-pair production in the MSSM that indeed comprise
topologies similar to those encountered for the simplified models illustrated in figures 1 and 2.
As briefly mentioned above, a major drawback of the MSSM is its large and unconstrained
parameter space of more than hundred free parameters. For this reason, one often refers to
simpler SUSY scenarios, such as the constrained MSSM (CMSSM) [28, and references therein] or
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Figure 3: Feynman diagrams for the production of a neutralino pair in the MSSM. Since the neutralino is
a Majorana fermion, in addition to the s- (a) and t-channel (b) diagrams, a u-channel diagram (c) is also
included.
the phenomenological MSSM with ten parameters (pMSSM10) [29, and references therein], where
only a handful of parameters, defined at a specific energy scale, is used as an input to generate the
entire SUSY spectrum using renormalisation group methods.
The input parameters of the CMSSM are the universal SUSY-breaking mass parameters for
scalar and fermionic superpartners, m0 and m1/2, respectively, the trilinear scalar coupling param-
eter A0, the ratio of the Higgs vacuum expectation values of the two Higgs doublets tan β, and the
sign of the Higgs coupling parameter µ. The value of each of these parameters is defined at the
grand unification scale.
In the pMSSM10 the parameters are chosen to be the squark masses for the three generations,
mq˜1 , mq˜2 and mq˜3 , where the first two are taken to be equal; the gaugino masses M1, M2 and M3;
a slepton mass term ml˜; the trilinear mixing parameter Ab and At for the bottom and the top
squarks, the higgsino mass parameter µ, the pseudo-scalar mass MA and the ratio of the Higgs
vacuum expectation values tan β. Contrary to the CMSSM, all the pMSSM10 parameters are
defined at the scale MSUSY = √mt˜1mt˜2 , where mt˜1 and mt˜2 are the masses of the stop eigenstates.
2.3 Parameters of the simplified models
In the MSSM we always consider the lightest neutralino χ˜01 to be the DM candidate. For com-
parisons of simplified models with the MSSM, we therefore identify the mass mχ of the respective
DM particle χ with the mass mχ˜01 of the lightest neutralino χ˜
0
1 of the MSSM,
mχ = mχ˜01 . (5)
In the t-channel model, we additionally assume that the mediators of all flavours are degenerate in
their mass (MQ˜L = MQ˜uR = MQ˜dR ≡ MQ˜), and set MQ˜ to the average of the ten light-flavoured
squark masses,
MQ˜ =
mu˜L +mu˜R +md˜L +md˜R +mc˜L +mc˜R +ms˜L +ms˜R +mb˜1 +mb˜2
10 . (6)
For the vector mediators of the s-channel model, we consider two different masses (MV = 1 TeV
and MV = 10 TeV) to cover the phenomenologically interesting cases where (i) the mediator is too
light to decay on-shell into a pair of DM particles (MV . 2mχ), and (ii) where it is too heavy so
that the on-shell effects only contribute negligibly to the process for LHC center-of-mass energies
of
√
S = 13 TeV (2mχ MV ∼
√
S).
In order to minimise the number of parameters of the simplified models, we choose for the s-
channel model gVχ/q = gAχ/q ≡ g˜, and for the t-channel model λQL = λuR = λdR ≡ λ˜, irrespective of
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Figure 4: Ratio of mediator width ΓX to mediator mass MX for the two cases of a spin-1 mediator V
in the s-channel model (solid purple) and a scalar mediator Q˜ in the t-channel model (dashed green), as
a function of the corresponding coupling (ξ = g˜ or ξ = λ˜). The parameters are fixed to MV = 10 TeV,
MQ˜ = 3 TeV, and mχ = 100 GeV.
the quark flavour q. The couplings g˜ and λ˜ are chosen such that the ratio of the mediator width
to its mass is not too large to justify that by rescaling the couplings the cross section changes
proportionally to this rescaling. In the following we therefore set g˜ = 0.5 and λ˜ = 1. The ratio
of mediator width to its mass can be calculated in the two models at leading order in the strong
coupling, αs. Assuming five massless quark flavours and the above-mentioned simplifications for
the couplings, for the s-channel model we find
ΓV
MV
= g˜
2
6pi
{
15 + Θ(MV − 2mt)3
√
1− 4m
2
t
M2V
(
1− m
2
t
M2V
)
+ Θ(MV − 2mχ)
√
1− 4m
2
χ
M2V
(
1− m
2
χ
M2V
)}
, (7)
where Θ(x) is the Heaviside step function with Θ(x) = 0 for x < 0 and Θ(x) = 1 for x ≥ 0 and
mt = 173.0 GeV [6] is the top quark mass. For the t-channel model we obtain
ΓQ˜
MQ˜
= λ˜
2
16pi
1− m2χ
M2
Q˜
2 . (8)
Figure 4 illustrates the ratio of width to mass for both the mediators of the s- and t-channel models
as a function of the corresponding coupling. It can be seen that with our choice of the couplings,
the ratios are well below one, i.e. the widths are small enough for the narrow-width approximation
to be valid.
3 Numerical analysis
In the following we present a numerical comparison of the models introduced above focusing on
total cross sections and differential distributions for the process of inclusive DM pair production
at the LHC,
pp→ χχ¯+X,
7
where χ denotes either the fermionic DM candidate of a simplified model or the lightest neutralino
of the MSSM systematically accounting for radiative corrections and parton-shower effects. The
comparison involves a scan over the SUSY parameter space and a suitable identification of the
parameters of the simplified models with the respective MSSM parameters. Our aim is to find and
study those regions of the MSSM parameter space where DM pair production can be described
adequately by either of the simplified models considered in this work. We start with explaining
the setup of the codes used in our analysis and then present our results.
3.1 Generation of SUSY spectra
For the calculation of SUSY spectra in the CMSSM and the pMSSM10 we have used the program
SPheno 4.0.3 [30, 31] restricting ourselves to the following ranges of input parameters of the
CMSSM [32]:
m0 ∈ [0, 10] TeV, m1/2 ∈ [0, 10] TeV, A0 ∈ [−3, 3]×m0, tan β ∈ [2, 60], signµ = +1,
and of the pMSSM10 [29]:
M1 ∈ [−1, 1] TeV, M2 ∈ [0, 4] TeV, M3 ∈ [−4, 4] TeV,
mq˜1 = mq˜2 ∈ [0, 4] TeV, mq˜3 ∈ [0, 4] TeV, m˜` ∈ [0, 2] TeV,
MA ∈ [0, 4] TeV, Ab = At ∈ [−5, 5] TeV, µ ∈ [−5, 5] TeV, tan β ∈ [1, 60].
Additionally we required that 1) the lightest neutralino χ˜01 is the LSP, and 2) the mass of the
lightest Higgs boson h is compatible with the experimentally measured Higgs boson mass, i.e. it
satifies 124 GeV ≤ mh ≤ 126 GeV. The DM relic abundance has not been used as a constraint
for the selection of the parameter points. We, however, checked that both for the CMSSM and
the pMSSM10, our parameter ranges include points with the observed relic abundance. While its
numerical value has been determined very precisely by experimental measurements, its theoretical
calculation is based on several assumptions [33], e.g. only the fields available in the studied model
take part in DM annihilation processes. If these assumptions are violated, e.g. if there are addi-
tional hidden fields, the observed relic abundance can be reached even if DM is produced over- or
underabundantly in the considered model.
A total of 5000 SUSY spectra has been generated for each of the two constrained MSSM scenar-
ios. We checked that the parameter points are sufficiently widely distributed over the respective
parameter ranges. Nevertheless, some regions of the parameter space are less densely populated
because of the experimental constraints we imposed.
3.2 Code generation and numerical implementation
The numerical computation of cross sections and kinematical distributions, both in the MSSM
and in the simplified models we consider, has been performed by means of customized codes we
developed in the framework of the POWHEG-BOX [34–36]. In that way we are able to provide predic-
tions for cross sections and differential distributions at NLO-QCD accuracy, and to additionally
include parton shower (PS) effects. Our predictions for neutralino pair-production are obtained
with the code package for electroweakino pair-production [37], which is publicly available from
the POWHEG-BOX repository [38]. We note that SPheno provides output for the SUSY spectra we
consider in the form of files in the SUSY Les Houches Accord (SLHA) format [39, 40], which can
easily be interfaced with the POWHEG-BOX codes we are using.
For DM pair production in simplified s- and t-channel models, we have developed a POWHEG-BOX
implementation of our own. The main ingredients which are needed to include a process in this
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framework are the Born, virtual, and real-emission matrix elements as well as suitable subtraction
terms for the cancelation of infrared divergencies. Both the Born and the real-emission amplitudes
can be automatically generated by a tool based on MadGraph 4 [41–43]. For the cancellation
of infrared (soft or collinear) divergences between the virtual and real-emission amplitudes and
the subtraction of initial-state collinear singularities, performed via the Frixione-Kunszt-Signer
formalism [44], the automated tool provides the spin- and colour-correlated Born amplitudes,
which are necessary for the construction of the subtraction terms in the limit of soft and collinear
emission of the extra parton.
The virtual one-loop amplitudes are generated by the two Mathematica packages FeynArts 3.9
[45] and FormCalc 9.4 [46]. The resulting numerical code is interfaced with COLLIER 1.2 [47–50]
for the numerical computation of the one-loop integrals. We renormalise external quark fields
using the on-shell scheme, whereas the mediator fields and masses as well as the couplings of the
t-channel model are renormalised in the MS scheme. None of the other parameters, in particular
those of the s-channel model, require renormalisation at NLO QCD. We have checked that for
both the s- and t-channel models, all ultraviolet divergences cancel after including the proper
renormalisation terms.
Throughout our calculation, we consider a hadronic centre-of-mass energy of
√
S = 13 TeV. For
the parton distribution functions (PDFs) of the initial-state protons we use the PDF4LHC15 NLOMC
set [51]. The PDFs are accessed via the LHAPDF 6 library [52]. We work in the five-flavour scheme,
meaning that we assume five massless quark flavours to appear in the initial state and to take
part in the running of αs(µR), where µR is the renormalisation scale. At the Z-boson mass
MZ = 91.188 GeV, the value αs(MZ) = 0.118 is used. The strong coupling is given in the MS
renormalisation scheme. Both the renormalisation scale µR and the factorisation scale µF are set
equal to the sum of the final-state masses of the corresponding process, i.e. µR = µF = 2mχ˜01
or 2mχ. As opposed to a dynamical scale this choice simplifies systematic comparisons between
different models.
As a parton-shower generator, we use PYTHIA 6.4.25 [53]. We switch off all effects related to
QED radiation, underlying event, and hadronisation. For the generation of jets we employ the
FastJet 3.3.0 package [54,55] using the anti-kT algorithm [56] with R = 0.4 and |ηjet| < 4.5.
3.2.1 On-shell subtraction for the t-channel model
Before discussing the results of our numerical study, we briefly want to outline the technical issue
of the subtraction of on-shell resonances as required for the proper implementation of the real-
emission corrections within the t-channel model. We closely follow [37, 57, 58] in that we split up
the sum of our real-emission matrix elements into contributionsMr which can exhibit a resonance
(c.f. figure 2 (c)) for an intermediate propagator of the t-channel mediator Q˜, and contributions
Mnr which do not contain any resonant propagators,
Mreal =Mnr +Mr. (9)
Would-be divergences of the resonant contributions can be regulated by a width in the respective
propagators. In practice, we globally introduce a width in all propagators containing the Q˜ particle
by replacing the mass of the t-channel mediator with a complex expression containing the width
parameter Γ,
1
p2 −M2
Q˜
→ 1
p2 −M2
Q˜
+ iΓMQ˜
. (10)
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Figure 5: Impact of the subtraction of on-shell resonances in the real-emission contributions to DM pair
production in the t-channel model. Shown is the ratio of the total cross section at NLO QCD with the
subtraction of on-shell contributions (σOSSt ) to the case (σno OSSt ) where the on-shell resonances are not
subtracted, but regularised by a finite width only. The axes of the plot are chosen as the DM mass mχ and
the average t-channel mediator mass MQ˜.
We then subtract from the absolute square of the real-emission amplitude |Mreal|2 = |Mnr|2 +
2 Re(MnrM∗r)+|Mr|2 a local counterterm that is proportional to the square of the diagrams which
can become resonant, evaluated for on-shell remapped kinematics, i.e. where the on-shell condition
p2 = M2
Q˜
is true. Further details on the construction of the counterterm and its implementation
in a Monte-Carlo code can be found in the above-mentioned references.
The implementation of the on-shell subtraction procedure in our code has been performed by
manually extracting the possibly resonant diagrams from our MadGraph-based routines for the real-
emission amplitudes and adding the counterterm to their integrand. We then checked the stability
of our subtraction procedure by varying the value of the width parameter Γ. We found that the
total cross section is essentially independent of this value and therefore of the resonance, proving
that our implementation is meaningful.
In figure 5, we show the effect of the on-shell subtraction on the total cross section for DM pair
production in the t-channel model. While for the case of MQ˜  mχ, the difference between the
on-shell subtracted and the non-subtracted case is negligible, the cross sections can differ by up
to a factor of five close to MQ˜ ≈ mχ where the on-shell contributions are the largest. For the
following predictions of the t-channel model, all on-shell contributions have been subtracted.
3.3 Analysis within the CMSSM
We start our analysis with a comparison of total cross sections in the CMSSM and the various
simplified models we consider, with model parameters fixed as discussed in section 2.3. In figure 6,
we show the ratios of total cross sections in the simplified models to the ones in the MSSM, with
the axes being chosen as m0 and m1/2. The other CMSSM parameters vary implicitly in the above-
mentioned ranges. This results in a range for the mass of the DM candidate between approximately
100 GeV and 5 TeV. The magnitude of the ratios is colour-coded, with purple indicating low and
yellow very high ratios. For figures 6 (a), (b), and (c), the range of the ratios is chosen to be
the same, as not the absolute values of the ratios are of interest for our comparison (they can be
rescaled by varying the values of the couplings in the simplified models), but the relative variations
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Figure 6: Ratios of total cross sections for DM pair production in the simplified models to the ones in the
MSSM, in the plane of the CMSSM parameters m0 and m1/2, with all other parameters varied implicitly.
Shown are the s-channel models with MV = 1 TeV (a) and MV = 10 TeV (b), and the t-channel model
with a logarithmic (c) and a linear (d) colour scale, respectively. White regions denote points excluded in
the parameter space where either the LSP is charged and therefore no DM candidate (top left corner) or
where radiative electroweak symmetry breaking is not possible (bottom left corner). Rough edges are an
interpolation effect.
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of the ratios over the shown parameter range.
Figures 6 (a) and (b) show the s-channel model with mediator masses of MV = 1 TeV and
MV = 10 TeV, respectively. For these two cases, a clear difference in the structure of the ratios
can be seen. While the case of MV = 1 TeV shows a relatively flat behaviour for m1/2 > 2 TeV
with at most one order of magnitude difference between the ratios (except for a region of points
with m0 > 7 TeV and 2 TeV < m1/2 < 6 TeV which we will discuss explicitly below), the s-channel
model with MV = 10 TeV leads to differences of up to six orders of magnitude over the shown
parameter range. This difference can be explained by the resonance behaviour of the s-channel
model: for MV = 2mχ, the internal propagator of the mediator becomes resonant and thus the
cross section is strongly enhanced close to this region. This can be seen in figure 6 (a) for low
m1/2 < 2 TeV and also in figure 6 (b) for high m1/2 ≈ 10 TeV. As the neutralino mass mχ˜01 and
therefore also mχ mainly depend on m1/2, we find that at the lower edge of the parameter plane,
mχ is around 500 GeV, thus leading to a resonance for the MV = 1 TeV case. At the upper edge,
mχ is around 5 TeV and thus causing the cross section of the simplified model, and therefore the
ratio, for the MV = 10 TeV case to grow significantly towards this value.
The case of the t-channel model is shown in figures 6 (c) and (d) with a logarithmic and a linear
colour scale, respectively. From these two plots it becomes clear that over the whole parameter
range, the ratio varies by less than one order of magnitude, which is indicated by an almost constant
colouring of the area. The linear colour scale reveals that for most of the parameter space, the
ratio varies at most by a factor of three. The greater similarity to the MSSM than for the case of
the s-channel model can be explained by the identification of the squark masses with the masses
of the t-channel mediators. While the s-channel model only shares one parameter (mχ) with the
MSSM, the t-channel model shares two (mχ, MQ˜).
Lastly, we want to comment on the points with m0 > 7 TeV and 2 TeV < m1/2 < 6 TeV. In
this region of the parameter space, the ratio is strongly enhanced by several orders of magnitude
compared to the surrounding points. Two effects play a role in this enhancement: First, mχ˜01 = mχ
is lower than for the surrounding points, leading to an increase of the cross sections both in the
numerator and the denominator of the ratio. Second, in the parameter space that we show,
there is a general suppression of the Z-boson contribution to the χ˜01 pair production process
in the MSSM (figure 3 (a)). We have checked that for all of the points with the exception of
the enhanced ones, χ˜01 essentially consists of a bino component only. This results in only the
diagrams with squark exchange of figures 3 (b) and (c) to contribute to the cross section. For the
enhanced points, however, the bino component (and therefore the squark exchange diagrams) is
strongly suppressed, and χ˜01 is mainly a mix of the two higgsino components. As the amplitude
corresponding to figure 3 (a) is proportional to the difference of the absolute squared values of the
neutralino mixing matrix elements for the higgsino components [59], i.e.MZ-boson ∝ |N14|2−|N13|2,
the approximately equal size of |N13| and |N14| leads to a suppression of the Z-boson diagram also
for these parameter points. Subsequently, due to a suppression of all diagrams of figure 3 in this
parameter range, the MSSM cross section in the denominator of the ratio becomes very small,
leading to the strong enhancement of the ratio itself. In the following, we will refer to this effect as
the “higgsino mixing-matrix suppression”. We note that this mixing-matrix suppression leading to
a decrease of the MSSM cross sections is purely a SUSY effect and does not exist for the simplified
model cross sections.
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Figure 7: Composition of the lightest neutralino χ˜01 in the |µ| – M2 plane. A point is dominantly bino-like
(b˜, black) for |N11|2 > 0.5, dominantly wino-like (w˜, red) for |N12|2 > 0.5, dominantly higgsino-like (h˜,
yellow) for |N13|2 > 0.5 or |N14|2 > 0.5, or a mix of all components (“mix”, blue) in any other case, i.e. if
neither |N1i|2 is larger than 0.5. For later discussion four specific points referred to as w˜, b˜, w˜/h˜, and h˜/b˜
are highlighted.
3.4 Analysis within the pMSSM10
3.4.1 Cross sections
We move on to discuss the cross section predictions for the case of the more complex pMSSM10
scenario. As we now have a ten-dimensional parameter space, we first must decide which pa-
rameters to show on the axes of our ratio plots. We choose to use the modulus of the Higgsino
mass parameter |µ| and the SUSY-breaking wino mass M2, as with this choice it is possible to
differentiate between a (predominantly) bino, a wino, and a higgsino composition of χ˜01.
In figure 7, we visualise the magnitude of the mixing matrix elements in the |µ|−M2 plane with
all other pMSSM10 parameters varied implicitly by plotting a point in the shown colour if the
corresponding square of the absolute value of the mixing matrix element |N1i|2 is larger than 0.5
(see the caption of the plot for a detailed description of the colouring scheme). Using this colouring
scheme, we can see that while the majority of the parameter points in the plane is bino-like (with
|N11|2 ≥ 0.99), the wino and higgsino components of the lightest neutralino are dominant for low
M2 and |µ|, respectively. This is due to the fact that in the lightest neutralino the component
with the lightest mass is dominant. Furthermore, we have checked that, with the exception of the
higgsino points very close to |µ| = 0 TeV, most of the points labelled “higgsino” and “mix” up to
|µ| values of around 700 GeV suffer from a higgsino mixing-matrix suppression (c.f. discussion at
the end of the previous section 3.3), leading to comparatively low cross sections in the MSSM and
thus to large ratios to the predictions from the simplified models.
Similar to the case of the CMSSM, in figure 8 we present the ratios of total cross sections for
DM pair production for simplified model predictions in the numerator, and for MSSM predictions
in the denominator, using the axes |µ| and M2 as motivated in the two previous paragraphs.
Figures 8 (a) and (b) show the respective ratios for the s-channel models with MV = 1 TeV and
MV = 10 TeV, respectively. The relative variation of the ratios is very similar for the two different
mediator masses, while the absolute values of the ratio for MV = 10 TeV are smaller than for
MV = 1 TeV due to the larger suppression from the high mass in the s-channel propagator. For
100 GeV < |µ| < 700 GeV we observe a region of enhanced ratios which, as discussed before,
13
0
0.5
1
1.5
2
2.5
3
3.5
4
0 1 2 3 4 5
M
2
(T
eV
)
|µ| (TeV)
Ratio σs,1 TeV/σMSSM
10−1
100
101
102
103
104
105
0
0.5
1
1.5
2
2.5
3
3.5
4
0 1 2 3 4 5
M
2
(T
eV
)
|µ| (TeV)
Ratio σs,10 TeV/σMSSM
10−1
100
101
102
103
104
105
(a) (b)
0
0.5
1
1.5
2
2.5
3
3.5
4
0 1 2 3 4 5
M
2
(T
eV
)
|µ| (TeV)
Ratio σt/σMSSM
10−1
100
101
102
103
104
105
(c)
Figure 8: Ratios of total cross sections for DM pair production in the simplified models to the ones in the
MSSM, in the plane of the pMSSM10 parameters |µ| and M2, with all other parameters varied implicitly.
Shown are the s-channel models with MV = 1 TeV (a) and MV = 10 TeV (b), and the t-channel model (c).
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stems from the higgsino mixing-matrix suppression in the MSSM. For the remaining parameter
space, the variation of the ratios appears rather random and varies by two to three orders of
magnitude. Both at the leftmost edge of the higgsino region (|µ| very small) and at the lower
edge of the wino region (M2 very small), for the case MV = 10 TeV the ratio becomes smaller
than in the bino region, resulting in a larger amount of purple points. This behaviour is related
to the value of mχ˜01 which becomes very small for |µ| or M2 being close to 0 GeV. For a very
low neutralino mass, mχ˜01 . 100 GeV, the MSSM cross section is enhanced and very sensitive to
changes in mχ˜01 due to the resonance of the Z-boson diagram at mχ˜01 = MZ/2. For a mediator
mass of MV = 1 TeV, the effect is not as pronounced. This is due to the larger sensitivity of the
corresponding s-channel model itself to changes in the DM particle mass for low mχ, because of
the lower resonance threshold at mχ = MV /2 = 500 GeV. The resonant behaviour therefore is
partially smeared out in the ratio with the MSSM cross section.
Figure 8 (c) shows the ratio of the cross sections in the t-channel model to the MSSM cross
sections. We can identify similar features as in the case of the s-channel model: there is an
enhanced region for 100 GeV < |µ| < 700 GeV due to the higgsino mixing-matrix suppression
in the MSSM, and a suppressed region for low |µ| or M2 due to the resonant behaviour of the
MSSM cross sections (which itself is certainly absent in the t-channel model that does not exhibit
resonant topologies like s-channel models). However, the bino region is a bit smoother than for the
s-channel model, varying in most cases by only up to one order of magnitude. This behaviour can
again be attributed to the similarity of the t-channel model with the MSSM, in particular since
a neutralino which is purely bino does not couple to the Z-boson and thus the only contributing
diagrams are the ones via squark exchange.
In summary, we find that on the basis of the ratios, it is hard to distinguish the s- and t-channel
models from one another, in particular in the regions where the lightest neutralino is predominantly
wino- or higgsino-like.
3.4.2 Differential distributions
Let us now turn to various differential distributions in the MSSM and the two simplified models
considered in this work. As before, for the s-channel model we consider mediator masses of
MV = 1 TeV and MV = 10 TeV. While for the t-channel model we so far only discussed the case
of DM made of Dirac fermions in the previous sections, we now additionally show results for DM
being made of Majorana fermions, which makes the model even more similar to the MSSM. We
compare results obtained for these models to those of the MSSM for the four representative points
of the pMSSM10 parameter space highlighted in figure 7. We focus on the invariant mass of the
DM pair system, Mχχ, and its transverse momentum, pT,χχ, which is identical to the “missing
transverse momentum” in an experimental context. Each distribution shown is normalised to the
respective total cross section, i.e. σˆX ≡ (1/σX) dσX/dy, where σˆX is the normalised differential
cross section, σX is the total cross section, X specifies the model, and y denotes either Mχχ or
pT,χχ. For simplicity, no cuts have been applied to any kinematical variable. All results are given
at NLO+PS accuracy.
In figure 9, we present the differential distributions for a parameter point where the lightest
neutralino is mainly composed of a wino (referred to as “w˜ point” in figure 7). We will first
focus on the invariant mass distribution of the DM pair system. Even though this quantity is in
general not experimentally accessible, as a “technical variable” it provides useful information on
the structure of the considered scenarios. For the case of the s-channel model with MV = 1 TeV
we observe a resonance structure peaking atMχχ = MV which is non-existent for any other model.
This effect leads to a strong decline of the distribution towards higher invariant masses, meaning
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Figure 9: Invariant mass (left) and transverse momentum distribution (right) of the DM pair system at
NLO+PS accuracy. Masses and parameters are chosen according to the w˜ parameter point of figure 7.
Shown are predictions for the MSSM (solid purple line), the s-channel model with MV = 1 TeV (dashed
green line) andMV = 10 TeV (dotted black line), and the t-channel model with DM as a Dirac (dash-dotted
yellow line) and a Majorana (dash-double dotted blue line) fermion.
that with the exception of the region around the resonance peak and the lowest bin, the distribution
is always lower and dropping more quickly than the one of the MSSM. The case of MV = 10 TeV
is a bit different, as there is no resonance structure in the shown Mχχ range. For an intermediate
Mχχ range of 800 GeV < Mχχ < 1300 GeV the distribution approximates the MSSM quite well, as
illustrated by the almost constant ratio. For high Mχχ, however, the distribution falls less rapidly
than the MSSM, leading to an increased ratio which strongly deviates from one towards highMχχ.
The t-channel model shows a behaviour which is very close to the MSSM. While for the assumption
of Dirac DM, the lowest bins up to Mχχ ≈ 1000 GeV differ from the MSSM, the behaviour for
higher invariant masses is essentially the same as in the MSSM, indicated by a constant ratio. A
further improvement is seen only for the case of Majorana DM in the t-channel model, where the
distribution is exactly on top of the prediction of the MSSM.
The right plot of figure 9 shows the transverse-momentum distribution of the DM pair system.
We observe that for low pT,χχ . 200 GeV, all models demonstrate the same behaviour. For
increasing transverse momentum, the s-channel model with MV = 1 TeV is the first to deviate
from the MSSM at around pT,χχ = 200 GeV with a distribution dropping more quickly than in
all of the other scenarios. Beyond pT,χχ ≈ 800 GeV, also the s-channel model with MV = 10 TeV
deviates from the MSSM, as the latter demonstrates a plateau towards high pT,χχ. The plateau
originates from the overlap of the decreasing behaviour of the pT distribution and a resonance peak
with its centre at half of the average of the squark masses. The latter is a left-over artifact from the
subtraction of on-shell resonances in the real corrections to squark exchange diagrams. Its root is
the interference term between the non-resonant and possibly resonant amplitudes 2 Re(MnrM∗r)
from which no on-shell contributions are subtracted, see section 3.2.1. The predictions of both
the t-channel models with Dirac DM and Majorana DM, for which the on-shell resonances of the
mediators have been subtracted in a similar manner in the code providing the MSSM results,
agree well with the pT distribution of the MSSM in the shown range. The good capability of the
t-channel model to appproximate the result of the MSSM for this scenario is due to its similarity to
the numerically relevant diagrams of the MSSM. As the lightest neutralino is dominantly wino-like,
only the squark exchange diagrams contribute, and the Z-boson diagram is strongly suppressed.
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Figure 10: Invariant mass (left) and the transverse momentum distribution (right) of the DM pair system
at NLO+PS accuracy. Masses and parameters are chosen according to the b˜ parameter point of figure 7.
The coloring of the lines follows the scheme introduced in figure 9.
Figure 10 shows the case of the b˜ point, where the lightest neutralino is dominated by the bino
component. The qualitative behaviour of all the lines is very similar to figure 9. However, while
the invariant mass distribution of the t-channel model with Majorana DM still lies on top of the
MSSM, the case of Dirac DM is now worse, showing a non-constant ratio also for high Mχχ. The
transverse momentum distributions of the s-channel models with two different mediator masses
are now indistinguishable, which is related to a higher DM mass than for the parameter point
considered in figure 9. We furthermore observe that now the t-channel model with Dirac DM does
not describe the shape of the MSSM perfectly anymore.
Differential distributions for the w˜/h˜ point are shown in figure 11. Here, the lightest neutralino
consists of mix between a dominant wino component and a small higgsino part. The invariant mass
distribution illustrates that none of the simplified models is able to reproduce the behaviour of the
MSSM: while the s-channel model with MV = 1 TeV fails to describe the MSSM line due to the
resonance behaviour of the mediator, the other three lines are either below the MSSM prediction
for low invariant masses or far above towards high invariant masses. A similar observation can be
made for the pT,χχ distribution: While all the lines of the simplified models decrease more slowly
than the one of the MSSM, the ratio for the s-channel models is constant towards high pT,χχ.
In particular the ratio of the s-channel model with MV = 1 TeV appears to be approximately
constant for 300 GeV < pT,χχ < 1200 GeV. The previous results indicate that even for a parameter
point where the wino component is dominant (|N12|2 > 0.6), a small, but non-vanishing and
non-cancelling higgsino component can lead to a strong influence of the Z-boson diagram, which
manifests itself in a poor capability of the t-channel model, but (at least for the pT,χχ distribution)
a relatively good capability of one of the s-channel models to approximate the behaviour of the
MSSM.
Finally, predictions for the h˜/b˜ point are shown in figure 12. For this point, the lightest neutrino
is mainly a mix of the bino (|N11|2 ≈ 0.13) and higgsino (|N13|2 ≈ 0.45, |N14|2 ≈ 0.41) components,
while the wino component is negligible. The invariant mass distribution reveals an equally bad
behaviour of all the simplified model predictions to account for the MSSM like in the previous
parameter point. Interestingly, the pT,χχ distribution of the s-channel model with MV = 1 TeV
follows the MSSM prediction almost perfectly, while all of the other lines lie above the MSSM with
a non-constant ratio. In particular, the t-channel models show a peak-like structure at around
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Figure 11: Invariant mass (left) and the transverse momentum distribution (right) of the DM-pair system
at NLO+PS accuracy. The masses and parameters are chosen according to the w˜/h˜ parameter point of
figure 7. The coloring of the lines follows the scheme introduced in figure 9.
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Figure 12: Invariant mass (left) and the transverse momentum distribution (right) of the DM pair system
at NLO+PS accuracy. Masses and parameters are chosen according to the h˜/b˜ parameter point of figure 7.
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pT,χχ ≈ 900 GeV, which is related to the on-shell subtraction of intermediate t-channel mediators,
as discussed previously. For a parameter point where the MSSM prediction is dominated by the
Z-boson exchange diagram, such a structure is not visible, as the squark exchange diagrams are
suppressed.
4 Conclusions and outlook
In this paper we studied in detail two simplified models for DM. In these models, our DM candidate
is a fermion, interacting with the SM via a vector which is a singlet under the SM gauge group
(s-channel model) or via a flavoured scalar (t-channel model). In the first case we considered
a Dirac fermion, while in the latter we also built a model with a Majorana fermion, in order
to compare with supersymmetric theories, where the DM candidate is a Majorana fermion, the
lightest neutralino.
We implemented the hadronic DM pair production processes within these simplified models in
the POWHEG-BOX framework at NLO+PS level. Using this implementation, we compared the pro-
duction cross sections and distributions of these models with the ones of neutralino pair-production
in the MSSM. Our analysis shows that the simplified models are capable of reconstructing the su-
persymmetric case to some extent but never in all considered kinematic regions and for arbitrary
points of the MSSM parameter space.
For the parameter point where the higgsino component of the lightest neutralino is negligible
the t-channel simplified model produces results that are rather similar to the ones predicted by
the MSSM (c.f. figures 9 and 10). Using a Majorana fermion as a DM candidate leads to an
additional improvement of the approximation. This does not come as a surprise, since the lack of
a higgsino component suppresses s-channel contributions within the MSSM, therefore making the
numerically relevant topologies of the t-channel simplified model and of the MSSM the same.
In contrast, the presence of a higgsino component worsens considerably the agreement between
the simplified models and the MSSM (c.f. figures 11 and 12). In the MSSM, s-channel contributions
due to this component have a large impact, because the process is favoured by the relatively low
mass of the Z-boson that mediates it. In the simplified s-channel model, the mediator is much
more massive. Therefore this channel has a rather different behaviour, leading to the unsatisfactory
agreement between this model and the MSSM that we showed.
In summary, it seems difficult to reproduce the complete phenomenology of neutralino pair pro-
duction for DM studies with a simplified model with such a restricted set of parameters like the
ones we showed in this work. The neutralino mixing matrix of the MSSM is crucial in its phe-
nomenology, but it does not have an equivalent in the simple models we considered. Consequently,
the reduction of the MSSM to a simpler model is not a trivial issue and needs to be addressed
carefully, either recurring to a higher degree of complexity in the model building or considering
only specific MSSM scenarios.
Nevertheless, we have checked that the event rates associated with the pT distributions of sec-
tion 3.4.2 would be too small for the differences between the different models to be detectable. In
these regions of pT , no events are expected to be observed at the LHC or at the planned HL-LHC
upgrade, making the models indistinguishable from an experimental point of view. Simplified
models are then a usable and efficient tool in DM searches at colliders at the current stage. The
pT regions with a sizeable disagreement between the models could, however, be probed by a future
high-energy collider with a centre-of-mass energy of 100 TeV.
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